Background Insufflation with CO 2 can employ continuous flow, recirculated gas and/or additional warming and humidification. The ability to compare these modes of delivery depends upon the assays employed and opportunities to minimize subject variation. The use of pigs to train colorectal surgeons provided an opportunity to compare three modes of CO 2 delivery under controlled circumstances. Methods Sixteen pigs were subjected to rectal resection, insufflated with dry-cold CO 2 (DC-CO 2 ) (n = 5), recirculated CO 2 by an AirSeal device (n = 5) and humidification and warming (HW-CO2) by a HumiGard device (n = 6). Peritoneal biopsies were harvested from the same region of the peritoneum for fixation for immunohistochemistry for hypoxia-inducible factor 1 alpha (HIF-1α) and scanning electron microscopy (SEM) to evaluate hypoxia induction or tissue/cellular damage, respectively. Results DC-CO 2 insufflation by both modes leads to significant damage to mesothelial cells as measured by cellular bulging and retraction as well as microvillus shortening compared with HW-CO 2 at 1 to 1.5 h. DC-CO 2 also leads to a rapid and significant induction of HIF-1α compared with HW-CO 2 . Conclusions DC-CO 2 insufflation induces substantive cellular damage and hypoxia responses within the first hour of application. The use of HW-CO 2 insufflation ameliorates these processes for the first one to one and half hours in a large mammal used to replicate surgery in humans.
Laparoscopic surgery is a mainstay of investigational and interventional management of patients with abdominal cancer [1] [2] [3] [4] [5] . The delivery of carbon dioxide (CO 2 ) to generate a pneumoperitoneum facilitates visualization, access, biopsy and removal of tumor [1, [6] [7] [8] [9] . There have been parallel advances in technology designed to optimize various features of CO 2 delivery. These technologies include warming, humidification, gas recycling as well as pressure stabilization [8, 9] .
Laparoscopy can be employed to stage a patients' tumor prior to surgical planning. However, there is an open question of whether the procedure of the insufflation has any adverse consequences to the structural and functional integrity of the peritoneum, most particularly the mesothelial lining [10] [11] [12] [13] [14] [15] . This cell layer encompasses a large surface area and depends upon cell junctional integrity and polarized cell adherence to a basement membrane to maintain its multiple functions. Individual mesothelial cells have ~ 230 per microvilli 10 μm 2 apical cell surface area allow tissue surface to surface mobility between the peritoneum and viscera and molecule exchange [16, 17] . These features are changed on the establishment of a pneumoperitoneum [18, 19] . The nature of the CO 2 delivery can impact on a range of parameters including mesothelial cell bulging, cell delamination, loss of microvilli and cell death [8, 14, [20] [21] [22] . and Other Interventional Techniques Shienny Sampurno and Timothy J. Chittleborough contributed equally to this study.
Additionally, the use of CO 2 directly from the gas cylinder delivers dry cold gas that induces peritoneal damage exacerbated the propensity of cancer cells to implant triggering peritoneal carcinomatosis [20] . In syngeneic and xenograft settings, tumor cells have a propensity to adhere to peritoneal surfaces and form tumor masses in the breached mesothelial layer of the peritoneum [20, 23, 24] . Additionally, adhesions appear to feature in the peritoneum of rodents subjected to prolonged insufflation with DC-CO 2 [21] . Thus, there are a spectrum of issues that arise through the use of CO 2 -mediated insufflation and these are reviewed elsewhere [18, 25, 26] .
Here, we have compared head-to-head different modes of CO 2 -mediated insufflation in pigs that has potential relevance to patients. We explored two technological advances to traditional DC-CO 2 delivery in an experimentally and surgically controlled setting using pigs undergoing rectal resection; humidification by the HumiGard apparatus and recirculated CO 2 by the AirSeal device.
Materials and methods

Animals
Two-to three-month-old female light growers of 35 kg weight from BerryBank Piggery, Windemere, Victoria Australia were anaesthetized as follows:-The pigs were pre-medicated with an intramuscular injection combination sedative of Ketamine (100 mg/ml, 25 mg/kg) and Xylazine (25 mg/ml, 5 mg/kg) using an 18 gauge needle and then left in a warm quiet environment to optimize the effect of the agent. Once sedated, a 20 gauge intravenous catheter was placed into an ear vein secured with tape. They were transported from the holding pen to the surgery room using a trolley on which they will be securely strapped and covered with a blanket. In the surgery room, general anaesthesia was induced using intravenous thiopentone (5-10 mg/kg) using the 20 gauge ear vein catheter. Following endotracheal intubation, the pigs were connected to anaesthesia machine using a rebreathing system. General anaesthesia was maintained with 1.5-2.5% isoflurane in oxygen/air/nitrous oxide combination. Monitoring consisted of electrocardiogram, capnography (respiratory rate and carbon dioxide), oxygenation (pulse oximetry), non-invasive blood pressure and temperature. Fluid (compound sodium lactate) was administered at a 5 ml/kg/hour rate. During the anaesthesia, to ensure adequate ventilation (CO 2 exchange) and oxygenation, the pigs' breathing was controlled using intermittent positive pressure ventilation.
Before the start of the procedure, the pigs were administered buprenorphine intravenously at a dose of 0.02 mg/kg for peri-operative analgesia. Insufflation and visualization ports were inserted as depicted in Fig regulator while the humidified-warm group (n = 6) had a HumiGard™ device (Fisher and Paykel Healthcare, Auckland, New Zealand) to warm and humidify the CO 2 connected to the insufflation circuit. The delivery of the recirculated dry-cold CO 2 to the third group (n = 5) employed an AirSeal iFS device (ConMed, Utica, New York, USA). Two additional pigs were used to compare high flow (smoke evacuation mode) against two pigs with standard flow with the AirSeal device.
Patient sample
Peritoneal biopsy was taken from a patient enrolled in a surgery trial conducted with patient-informed consent and approval by the Peter MacCallum Cancer Centre Human Ethics committee (#15/60).
Tissue preparation and analysis
Tissue harvesting and processing plus immunohistochemistry (IHC) details are described previously [20] . In brief, sections were stained with HIF1α (1:4000; NOVUS 100-479), and expression was detected and visualized with horseradish peroxidase secondary antibodies. Tissue specimens were examined using a bench top scanning electron microscope (JCM-6000, Jeol) and operated at 15 kV under high vacuum.
Semi-quantitative analyses
The measuring of damage to peritoneal tissue was performed by viewing images of scanning electron micrographs of pig tissues undergoing laparoscopic insufflation. Three features are evaluated using the extent score below, scored blinded to code by two independent evaluators (TC in New Zealand and SS in Australia): mesothelial bulging, mesothelial cell detachment/retraction and microvillus damage-shortening and/or loss; 0 (0-5%), 1 (6-25%), 2 (26-50%), 3 (51-75%) or 4 (> 76%).
IHC assessment for antigens involved inspection of Aperio R (Leica Microsystems, Australia) generated images and scoring on the basis of a 0-12 Histoscore which was the product of staining intensity (0 = none, 1 = weak, 2 = moderate, 3 = strong) and extent (0 = none, 1 = 5% or less, 2 = 6-15%, 3 = 51-75%, 4 ≥ 76%). Scanning electron microscopy was used to evaluate changes to morphology and alterations quantified using a scale adapted from the H-score method and represented as a percentage [20] .
Statistical analyses
All data are expressed as mean ± standard error of the mean. Data were evaluated using GraphPad R Prism 6 (La Jolla, CA, USA) and analysed using a One Sample t and Wilcoxon Test when data from three groups were being assessed or two-tailed unpaired t test, where data from two groups were being considered. A p value less than 0.05 was considered statistically significant.
Results
Peritoneal biopsies were taken from pigs under supervision immediately on establishing a pneumoperitoneum (t = 0) and at 1 to 1.5 h (Fig. 1B) during surgical training of colorectal fellows who were conducting rectal resections. Of note is that peritoneal mesothelium in pigs and humans is essentially indistinguishable (Fig. 1C, D) . Multiple scanning electron microscopy (SEM) images were taken and examined by two investigators, blinded to the tissue source. Average scores were used to determine the integrity of the peritoneal mesothelium at time zero and extent of peritoneal damage at times following initiation of insufflation. No demonstrable damage was observed at experiment initiation.
Within 1 h mesothelial cell integrity was observed to be compromised in the conventional and recirculated (Airseal) DC-CO 2 cohorts compared with humidified-warm CO 2 (HW-CO 2 ) group. At 1-1.5 h of insufflation mesothelial cells were significantly retracted and/or showed bulging in the DCrec-CO 2 (3.4 +/0.26) and DC-CO 2 (2.6 ± 0.37) compared to the HW-CO 2 (1.2 ± 0.21) groups (mean ± SEM).
To explore the effects of different CO 2 delivery methods at the subcellular level microvilli were examined. This approach allows detection of cells that are depleted of microvilli as well as those where the microvilli are broken or shorter than normal (Fig. 3A) . Microvilli damage and loss was found to be more substantive at 1-1.5 h in the DCrec CO 2 (2.94 ± 0.48) and DC-CO 2 (2.25 ± 0.63) groups compared with HW-CO 2 (1.17 ± 0.17) delivery (mean ±) ( Fig. 3B ).
Although all CO 2 pressures were uniform during the insufflation for each of the three modes of insufflation the AirSeal device has an option of increasing the gas flow with the intent of facilitating smoke evacuation. The matter of whether increasing gas flow might further exacerbate mesothelial cell damage was examined in two additional pigs (to those in Figs. 2, 3) at standard pressure and two at the increased CO 2 flow. Figure 4A , B shows replicated effects reported in Fig. 3 at standard flow suggesting increased flow exacerbated mesothelial cell bulging and retraction. However, microvillus damage was considerable at both flow rates at 1 h (Fig. 4C ) suggesting most cells were damaged under these conditions but a larger number of subjects need to be examined in this regard to draw any firm conclusions.
As an independent evaluation of the effects of CO 2 in its various modes of delivery, immunohistochemistry was employed to detect the subcellular location and abundance of hypoxia-inducible factor 1 alpha (HIF-1α). HIF-1α expression was rapidly increased by the delivery of DC-CO 2 and DCrec-CO 2 compared to HW-CO 2 (Fig. 5A) and was a feature of DC-CO 2 mediated insufflation, similar to that observed in smaller animal models.
Finally, to bring all the elements of this study together, a model of the effects of desiccating CO 2 on the peritoneal mesothelium is depicted in Fig. 5B .
Discussion
Using animal models, we are more precisely enabled to define the effects of different CO 2 -mediated laparoscopy insufflation modalities. We and others have used rodent models for a range of reasons; most notably cost and uniform genetic backgrounds [10, 20, 27] . However, replicating the insufflation set-up used in patients is more challenging and in response to this porcine subjects serve surgical training very well. Taking advantage of such training we directly compared the effects of three modes of CO 2 -mediated insufflation under surgical conditions. The Airseal™ device is employed in robotic-assisted lower abdominal surgery because it delivers a stable pneumoperitoneum using DC-CO 2 . By contrast, HumiGard™ warms and humidifies DC-CO 2 as part of the standard insufflation process. All forms of insufflation used here modified the peritoneal surface mesothelium during surgery but to different extents.
Patient-based studies have identified some protective effects of either lowering the intra-peritoneal pressure or the use of HW-CO 2 in terms of inflammatory markers [28, 29] . Others have explored a range of parameters including pain, length of hospital stay or cancer outcomes without finding a substantive benefit of HW-CO 2 [22, 30, 31] . By contrast improved maintenance of normothermia [8, 32] and reduced surgical site infections have been reported to have health economic implications for cost effectiveness which support the use of HW-CO 2 [33, 34] . Viewed as a whole these discrepancies in patient studies might be attributed to substantive patient heterogeneity in terms of age, comorbidities, attempting to pool patients with disparately different disease states and operator variations. Using healthy young pigs, much of the participant to participant variation is minimized allowing increased confidence when exploring the mechanism of action of different insufflation modalities.
We and others had noted from previous rodent studies that the use of HW-CO 2 ameliorates peritoneal damage evident with DC-CO 2 [20] and report the comparable protection here in pigs. Notably, the protection is clearly evident for the first to one and half hour points. The use of recirculated CO 2 when used at the same pressure generated damage more rapidly and extensively within the first hour.
Pioneering research into the structure of the mesothelial cells that line the peritoneum [16, 17, 35] have run in parallel with the recognition that the act of insufflation with CO 2 has consequences in terms of mesothelial cell integrity [36, 37] . The ability to apply metrics to measure these events allows comparisons to be made across technologies and time. The bulging of mesothelial cells that is a prelude to their delaminating from the basement membrane and the sheering and loss of microvilli has been visualized and scored by multiple investigators blinded to the treatment of the experimental animal [11, 20, 32] .
As an independent measure of the effects insufflation we explored hypoxia via the expression of the transcription factor HIF-1α. HIF-1α serves as an instructive sentinel of hypoxia induction that can be employed over short windows of time. This is because its nuclear translocation is rapidly mediated by the action of prolyl hydroxylase that removes proline adducts from HIF-1α ( Fig. 5B ) that under normoxic conditions direct HIF-1α for rapid degradation in the cytoplasmic proteasomal machinery. The utility of this approach is that HIF-1α is regulated most immediately by changes in hypoxia through protein stabilization [38] . Accordingly, the abundance and location of this antigen serves as an indicator of hypoxia change within minutes. In addition it is considered a pro-tumorigenic factor in a number of settings where it is expressed in the tumor cells [39] or in the host tissue [40] . As we and others have found in mice the use of DC-CO 2 leads to rapid induction of HIF-1α mRNA [41] and protein (unpublished data). Importantly, HIF-1α-target gene products such as cyclooxygenase 2 (COX2) and vascular endothelial growth factor A (VEGFA) are also induced commensurate with peritoneal tissue damage [20, 32] .
The use of valve-less or recirculated CO 2 has been embraced mostly in the context of robotic surgery. It has been reported to reduce systemic and localized inflammation Fig. 3 Microvillus integrity is compromised by CO 2 insufflation. A SEM micrographs at a higher magnification than Fig. 2 showing mesothelial cells at baseline (0 Hours) and 1 to 1.5 h with dry-cold recirculated, dry-cold and humidified-warm CO 2 . B Quantification of microvilli on peritoneal mesothelial cells determining loss and villus sheering. Bars = 10 μm in pigs and interestingly suppress interleukin 6 to levels below base line [42] . In our studies, it would appear that in the short-term, at least this technology while affording a stable pneumoperitoneum generates more peritoneal tissue damage than conventional insufflation at the same pressures.
The central message that can be gleaned from this study is that warming and humidifying CO 2 offers peritoneal protection in a large mammal under surgical conditions comparable to that experienced in patients within at least the first hour. Nevertheless, this area of research has provided mixed commentary about the value of HW-CO 2 use during insufflation [8, 22] . Benefits in terms of temperature control and reduced surgical site infections are significant but not substantial this is understandable from the point of view that patients undergoing abdominal surgery particularly for tumor excision are older and may have compounding co-morbidities. Indeed recent investigations in patients undergoing such procedures suggest that some already have substantial mesothelial injury at baseline (unpublished observations). Using young healthy cancer-free pigs provides a controlled starting point to examine the effects of insufflation and at the very least on pristine peritoneum, laboratory control of gas pressures, surgical procedure and tissue analysis.
There is consensus that CO 2 -mediated insufflation is safe yet there is a range of modes that might be employed to deliver the gas. This study extends pre-clinical studies in rodents and pigs that collectively suggest HW-CO 2 provides some protection to the peritoneum under surgical conditions. The utility of recirculated CO 2 in maintaining a stable pneumoperitoneum are off-set by greater damage compared to standard insufflation and perhaps the addition of warming and humidification would be opportune. Furthermore, although controlled cancer studies are not possible in humans the theme of where there is tissue damage there is inflammation and correspondingly a pro-tumorigenic environment arises. Increasing attention is being paid to the pre-operative care of patients having cancer surgery as well as minimizing any effects of the surgery itself in terms of inflammation and tissue damage [43, 44] and optimizing insufflation might be part of this attention. Nevertheless, there are operational costs associated with the use of devices such as the HumiGard including the once-off purchase of the device and the disposable tubing sets required for each procedure. Health economics studies nevertheless suggest there is a net benefit to the healthcare system [33, 34] .
This study has a number of limitations including the use of young healthy pigs, the health of which clearly diverges from that encountered in a substantive proportion of the patients that undergo rectal resection. Second, the numbers are small and perhaps there are smaller differences in mesothelial damage that might emerge if more animals were examined in the later time points. Regardless of these concerns this study suggests that observations made previously in small rodents are comparable to observations made here in large mammals and that HW-CO 2 reduces the damage generated by DC-CO 2 and those devices that recirculate CO 2 might benefit from active humidification.
